Pages provided by publisher Header will be provided by the publisher Abstract -We demonstrate a mechanical approach for manipulating surface chirality at nanoscopic length scales. We use an atomic force microscope to scribe a step pattern, which is chiral in two dimensions, into a polymer-coated substrate, and control chiral strength by varying the steps' length-towidth ratio R. We determine the chiral strength by coating the surface with a liquid crystal and measuring its rotation on applying an electric field. The chiral strength vs. R is nonmonotonic: zero for R=1, then reaching a maximum, and tending to zero as R. Our results demonstrate that chiral handedness and strength can be precisely controlled mechanically on nanoscopic length scales.
Chirality -the absence of mirror symmetry -plays a critical role in nature. In bulk materials chiral behavior generally is due to the chirality of the constituent components. When these chiral components reside only at an interface, "surface chirality" obtains. Here we demonstrate an approach that facilitates patterning both the handedness and chiral strength at a surface with sub-micrometer spatial control, heretofore an extremely difficult task.
Mathematically, a two dimensional pattern can be chiral, where 2D chirality is defined as the inability to superpose an object onto its mirror image by rotation and translation within a plane. The number 7 exhibits 2D chirality, whereas the number 3 is achiral. A multi-turn spiral is another example of a 2D chiral pattern. Because an interface breaks translational symmetry in a physically three dimensional system -one side of the interface is the substrate and the other is the material in contact with the substrate -a 2D chiral pattern at a physical surface is also chiral in three dimensions. Several groups have mechanically created chiral surface structures having in-plane length scales of several micrometers [1] [2] [3] , and very recently we demonstrated that chiral symmetry can be created at a substrate by scribing a polymer with the stylus of an atomic force microscope (AFM) [4] . The ability to control the sign and strength of the chirality on very short length scales is of wide interest and could impact diverse fields. For example, to control self-assembly of achiral precursors into chiral structures [5] , as a means of chiral optical resolution [6] , as part of a sensing device for chiral biological and chemical dopants/impurities [7] , and as a means to understand chiral induction in achiral molecules [8] . Moreover, a variety of devices, such as optical polarimeters [9] and birefringence-based liquid crystal devices [10] , benefit from chirality. This approach provides an entirely new dimension that facilitates exacting control of device properties.
In this work we use the AFM stylus to scribe a step pattern having a length-to-width ratio R. Figure 1 shows the topography of the scribed polyimide, where the separation t between scribed lines is t = 200 nm, the width of the step is w = 200 nm, and the length-to-width step ratio R = 8. The lines associated with the width and length of the step form a basis that can be inherently chiral in two dimensions: A series of right-rising steps cannot be rotated/translated into its two dimensional mirror image, viz., a series of left-rising steps, except for the special cases R = 1 and R . When R = 1, a Fig. 2 Experimental setup. Light from a Nd-YaG laser ( 532 nm) passes through a polarizer oriented parallel to the average director orientation then through the cell. With the chiral substrate downstream, only the extraordinary optical mode obtains. Light then passes through an analyzer oriented at 45 o with respect to the polarizer direction so that when the electric field is applied, the director rotates either towards or away from the analyzer, resulting in I ac . Light then passes through a lens, creating an enlarged (20X) real image at the detector, a pinhole, and into the detector.
/2 rotation of the right-rising steps transforms it into its mirror image (the left-rising steps), and thus it is not chiral. However, the step pattern does form a chiral basis in two dimensions for R  1, except when R , where the pattern becomes a series of straight parallel lines that no longer is chiral. By combining this two dimensional chiral basis associated with an R  1 step pattern with the surface normal vector we obtain a three dimensional chiral pattern that is localized at the surface. Importantly, all components can be controlled individually, unlike previous patterns in which one of the vectors of the two dimensional basis was ill-defined and for which control was haphazard [4, 11] . The manipulatable depth of the groove is strongly correlated with the vector normal to the surface, and therefore offers one means of regulating the chiral strength. Additionally, both w and R can be controlled individually, thus offering complete manipulation of the chiral properties at the surface. Here we focus on the chiral behavior as a function of R, which not only facilitates a continuous symmetry breaking for R  1, but also reveals nonmonotonic behavior with R: a peak at R ~ 6, after which the chiral strength decreases toward zero with increasing R.
How do we examine the handedness and strength of the surface chirality? We exploit the electromechanical properties of a liquid crystal probe in a chiral environment. The response of a liquid crystal to an electric field is one of the most sensitive techniques for detecting chirality. In particular, in a chiral environment -either the molecules or dopants are chiral -application of an electric field E perpendicular to the liquid crystal director results in a tilt  of the director in a plane perpendicular to the field, where  E [12, 13] . This "electroclinic effect" also occurs in the nematic and smectic-A phases at a surface when either an achiral liquid crystal is adjacent to a chiral surface or a chiral liquid crystal is in contact with an achiral substrate [14] [15] [16] . For a liquid crystal in the planar geometry (where the director lies in the plane of the substrates), application of an electric field perpendicular to the surface results in a director rotation in the substrate plane, which propagates by the liquid crystal's elasticity into the cell. 4, 11, 16 The liquid crystal's electroclinic coefficient e c  d/dE is a signature of the chiral strength, and its sign defines the handedness.
Experimentally, we began by cleaning two indium-tinoxide coated glass slides. One was spin-coated with the planar degenerate aligning material poly-methylmethacrylate (PMMA) [17] and the other with the planar aligning polyamic acid RN-1175 (Nissan Chemical Industries). Both were baked according to standard protocol [17] . The RN-1175 was scribed softly with chiral step patterns, each pattern covering an area 5050 m, using an AFM stylus. Each pattern had step width w = 200 nm, but different values of R. The groove separation was t = 200 nm and depth ~70 nm. The slides were placed together, separated by Mylar spacers, to form a cell of thickness ~7 m. The cell was filled with the liquid crystal methoxybenzylidene butyl aniline (MBBA) in the isotropic phase and cooled to room temperature in the nematic phase. The optical setup, described elsewhere [4] , is shown in fig. 2 . The cell was oriented so that the average director orientation for a given pattern was along the z-axis. On application of an ac electric field at frequency f = 2 Hz, the director at the chirally-treated substrate RN-1175 underwent a rotation, causing the liquid crystal director to undergo a twist through the cell. Thus the optical polarization rotated with the director as the light passed through the cell, exiting through the chiral RN-1175 substrate at an angle  with respect to ẑ . After passing through an analyzer at 45 o with respect toẑ , the light passed through a lens to enlarge the image at the photodiode detector. The detector output was fed simultaneously into: a) a lock-in amplifier operating in amplitude/phase mode and referenced to frequency f to measure ac intensity I ac , and b) a digital voltmeter to measure dc intensity I dc . From these data we obtained   I ac /2I dc . Due to the orientation of the analyzer, a + director tilt resulted in an increase in the detected intensity and a - tilt in a decrease. Thus the chiral handedness is reflected in the sign of  and therefore in the phase (0 or ) of I ac . The applied voltage was ramped up in 470 s and then downward in 470 s. No hysteresis was observed. The initial rise in strength is due to the increase in R, where pattern becomes more strongly chiral. However, as R increases the distance between chiral "cores" increases, and e c begins to fall off. Figure 3 shows the amplitude of  vs. E for several different values of R. Notice that the slope of the R = 1 data is approximately zero, consistent with the inversion symmetry of these steps. Additionally, we observed that the ac signal I ac [ ] due to right-rising steps and to left-rising steps of equal R differ by a phase factor of , i.e., have opposite sign; this is as expected from chiral surfaces of opposite handedness. Figure  4 shows the electroclinic coefficient e c vs. R. As the length and width of the steps become less equal, corresponding to larger R, we find that e c  (R-1), indicating that the strength of chirality increases accordingly. In fact, the magnitudes of e c not only are more controllable, but are an order of magnitude larger than those achieved using other approaches [4, 11] . Eventually e c reaches a maximum for R ~ 6, and then begins to decrease toward zero for larger R. What is happening?
The liquid crystal director at the substrate is able to follow the scribed pattern for slow spatial variations in the pattern. When the pattern varies too rapidly in space, e.g., with a 90 o change in direction at the step, the elasticity of the liquid crystal prevents the director from following. The characteristic distance required by the liquid crystal to change directions in response to a surface torque is the "extrapolation length" L, which is equal to K 33 /W 2 [18] . Here K 33 is the bend elastic constant [19] and W 2 is the anchoring strength coefficient [20] , where the restoring torque equals W 2 times the azimuthal deviation of the liquid crystal from the groove axis. For the soft to moderate scribing forces used in this experiment, L typically is about 400 nm [18] . Thus, the director does not follow the steps sharply, but instead undergoes a soft curvature at each step. Additionally, an effect of elasticity is to transmit information about the groove orientation a distance only of order L; beyond this distance information about the groove orientation is lost. Thus, as R increases, two things occur: a) the step chirality is increasing and therefore the chiral strength of each step, which we refer to as a "chiral core", is increasing, and b) the density of chiral cores is decreasing as 1/R. The initial increase in e c is due primarily to (a), a strengthening of each chiral core with increasing R. However, once R is sufficiently large and the radius around each chiral core is of order the extrapolation length, as is the case for R ~ 5 to 6, the director in regions outside these chiral core radii becomes uniformly aligned with the local groove orientation. Thus, they no longer contribute to the chirality and any further increase in R only reduces the density of chiral cores, without increasing their strength. The result is a decrease in the spatially-averaged value of e c , and thus the average chiral strength. Our data for e c are consistent with this behavior, although they are too noisy to verify the linear inverse power law e c  R -1 . We emphasize that our step-patterned surface is inherently chiral and the nematic liquid crystal serves only as (one possible) probe of the surface chirality. Other liquid crystalline phases and other materials, such as chiral molecular mixtures that need to be enantiomerically resolved, would have different signatures at the chiral surface.
The results presented herein clearly demonstrate our ability to break inversion symmetry on nanoscopic length scales in a continuous and controlled manner. Moreover, our technique of manipulating the chiral basis by mechanical means facilitates the exquisite spatial control of surface chirality strength and handedness. For example, one might imagine using this technique to create adjacent regions of opposite handedness for purposes of, e.g., chiral segregation or to arrange a continuous gradient of chiral strength across a surface by varying R. Although our patterning length scale was chosen with liquid crystals in mind, much smaller patterns may be used for other applications.
